Background: Right ventricular failure after cardiac surgery is associated with morbidity and mortality. Right ventricular dysfunction results in hepatic venous congestion, which impacts the portal circulation. We aimed to determine whether an increased portal flow pulsatility fraction was associated with right ventricular dysfunction in cardiac surgery patients. We also aimed to describe the haemodynamic factors and postoperative complications associated with an increased portal pulsatility in this setting. Methods: We conducted a prospective single-centre cohort study, recruiting adults undergoing cardiac surgery. Portal flow was assessed before, during, and after surgery by Doppler ultrasound. A detailed haemodynamic and echocardiographic assessment was performed at the same time points. Results: A total of 115 patients were included. Both systolic and diastolic right ventricular dysfunction were associated with a higher portal pulsatility fraction (P¼0.008 and <0.001, respectively). A positive association was present between portal pulsatility fraction and measurements representative of venous pressure (central venous pressure, inferior vena cava diameter). A post-procedural portal pulsatility fraction !50% measured in the operating room was present in 21 (18.3%) patients and was associated with an increased risk of major complications (odds ratio¼5.83, confidence interval, 2.04e16.68, P¼0.001). The addition of portal flow assessment to a predictive model including EuroSCORE II and systolic right ventricular dysfunction improved prediction of postoperative complications. Conclusions: High portal flow pulsatility fraction is associated with right ventricular dysfunction, signs of venous congestion and decreased perfusion, and an increased risk of major complications. Portal vein Doppler ultrasound appears to be promising for risk assessment in the perioperative period. Clinical trials registration: NCT02658006.
Despite global improvements in outcomes of patients undergoing cardiac surgery, 1 right ventricular (RV) dysfunction remains an important complication associated with increased major organ dysfunction and mortality. 2, 3 Optimal management of patients with RV dysfunction remains controversial. Both the reduction of cardiac output and the elevation of systemic venous pressure contribute to decreased organ perfusion. Recent guidelines highlight the important uncertainties in the treatment of patients with RV failure, particularly regarding fluid management. 4 Venous congestion may be responsible for significant morbidity in critically ill patients, resulting in prolonged mechanical ventilation, increased risk of major bleeding, delayed wound healing, and impaired intestinal, renal, and hepatic functions. 5, 6 However, the lack of practical tools to assess the haemodynamic impact of venous hypertension limits the ability of the clinician to identify patients who will develop complications from venous congestion. Evaluation of portal venous flow using Doppler ultrasound could represent a simple method to assess the degree of hepatic venous congestion resulting from hypervolemia and right heart failure. 7e9 Indeed, portal venous flow pulsatility has been described as a marker of portal hypertension resulting from chronic congestive heart failure. It correlates with elevated right atrial pressure and is the best predictor of an abnormal increase in serum bilirubin. 7e9 Portal congestion is associated with bowel oedema and is predictive of outcomes in hospitalised patients with heart failure. 10 The detection of portal flow pulsatility in patients undergoing cardiac surgery has been associated with an increased risk of acute kidney injury (AKI). 11, 12 However, portal flow pulsatility has not, to our knowledge, been studied prospectively intraoperatively during cardiac surgery. The primary objective of this study was to determine if portal flow variability during the cardiac cycle measured as the pulsatility fraction was associated with RV dysfunction in the perioperative period. The secondary objective of this study was to study the haemodynamic and echocardiographic factors associated with the pulsatility fraction, and to determine if severe alterations were associated with adverse outcomes after surgery.
Methods

Study design and patient selection
A prospective cohort study in patients undergoing cardiac surgery was performed at the Montreal Heart Institute between November 2015 and April 2016. All patients older than 18 yr scheduled for cardiac surgery were eligible for the study. Exclusion criteria were emergency surgery, the need for mechanical circulatory support before surgery, heart transplant, and liver cirrhosis. Patients were screened and approached the day before scheduled surgery. The study protocol was approved by the research and ethics committee of the Montreal Heart Institute and registered on clinicaltrials.gov (NCT02658006). The study was performed in accordance with the Declaration of Helsinki and its later amendments. Written informed consent was obtained from all subjects.
Patient assessment
Ultrasound assessments were performed using transoesophageal echography (TOE) and transthoracic echography (TTE) by physicians with training in critical care ultrasound (R.E., Y.A.C., E.R.). The investigators performing the ultrasound measurements were not involved in the clinical care of the patients. TTE was performed at the bedside the day before surgery. Then, TOE was performed after induction of anaesthesia, before cardiopulmonary bypass (CPB), and at the end of surgery, immediately after CPB separation. In the postoperative period, a TTE was repeated 1 h after ICU admission on postoperative day 0 and 24 h later, on postoperative day 1. The assessment consisted of pulsed wave Doppler evaluation of portal venous flow, hepatic venous flow, and twodimensional (2D) ultrasound measurements of the inferior vena cava. Additionally, the TOE in the operating room was also used to assess left and RV function. Systolic RV dysfunction was defined as a fractional area change of <35% or a tricuspid annular plane systolic excursion of <16 mm. Diastolic RV dysfunction was inferred from an abnormal hepatic vein flow (systolic velocity < diastolic velocity) in the absence of a dysrhythmia or pacing. The systolic function of the left ventricle was evaluated by measuring the left ventricular ejection fraction. Attending physicians in the operating room and the ICU were blinded to the portal Doppler results.
Doppler evaluation of the portal vein flow with both TTE and TOE were performed as described previously in the literature. 13 The maximal and the minimal velocities during the same cardiac cycle in the portal vein were measured. The portal flow pulsatility fraction was defined as the difference between the maximal (in late diastole) and the minimal (in systole) velocities, divided by the maximal velocity and expressed as a percentage. Increased portal flow pulsatility was defined as pulsatility fraction !50% based on previous studies. 8, 11, [14] [15] [16] [17] Several other echocardiographic and haemodynamic parameters were recorded. The diameter of the proximal intrahepatic inferior vena cava was measured at the end of inspiration and expiration. At all time points, hepatic vein flow was assessed with spectral Doppler as previously described for TTE
Editor's key points
Although right ventricular dysfunction is common after cardiac surgery, it is often not recognised, and it is likely to contribute substantially to poor postoperative outcomes. Portal flow pulsatility is defined as the difference between maximal and minimal portal venous blood flow velocities during a single cardiac cycle, divided by the maximal velocity during the same cycle. This is expressed as a percentage, and a value of !50% is regarded as high. This single-centre cohort study assessed whether high postoperative portal venous flow pulsatility after cardiopulmonary bypass was independently associated with markers of right heart dysfunction and with postoperative complications. As hypothesised, a portal flow pulsatility !50% was associated with right ventricular dysfunction and independently predicted major complications. This measure might be a practical way for clinicians to improve their assessment of right ventricular dysfunction during cardiac surgery, and possibly in other situations. and TOE. 18 The peak velocities during atrial contraction, systole and diastole were recorded. With each set of echocardiographic measurements, we recorded haemodynamic parameters including systemic systolic arterial blood pressure, diastolic arterial blood pressure, mean arterial pressure, and right atrial pressure (including measurements at the top of the a and v waves, and at the troughs of the X and Y descents of the central venous wave). In addition, in patients who had a pulmonary artery catheter inserted for surgery, pulmonary artery pressure, RV pressure including systolic, early-diastolic (proto-diastolic) and end-diastolic (tele-diastolic) measurements, and cardiac index, using the thermodilution method, were also recorded. Mean perfusion pressure was calculated from the difference between mean arterial pressure and right atrial pressure.
Inter-rater reliability
Reproducibility of portal pulsatility fraction measurements by TTE was assessed by independently performing the assessment in 12 patients upon ICU admission during the study in a blinded fashion (the other observer left during the examination). Reproducibility was assessed as the mean difference between measurements and the intraclass correlation coefficient for the portal pulsatility fraction as a continuous variable.
Data collection and follow-up
We collected preoperative data on baseline characteristics and coexisting conditions. EuroSCORE II was calculated using an online calculator. 19 
Statistical analyses
A generalised estimating equation analysis was constructed to assess the association between the portal pulsatility fraction (as a continuous variable) and other variables. This type of analysis accounts for the repeated-measures design, implying the measures within the sample were not independent. Using a linear regression model, the association between the haemodynamic and echocardiographic parameters, and the portal pulsatility fraction (dependent variable) was assessed. The results are presented as beta (b) estimates of effects which can be interpreted as linear regression coefficients, indicating the change in portal pulsatility fraction for each unit of increase in the parameter. The time of assessment was included as a factor in the analysis and the interaction between the studied variable and the time of ultrasound assessment was tested. In the presence of a significant interaction with time (P<0.05), the effect estimate would be presented for each time point. Robust estimators for the covariance matrix and independent structures for the working correlation matrix were used for all tests.
No imputation was used for missing data. All measures of association are presented with a 95% confidence interval (CI). Correlation between change in cumulative fluid balance and portal pulsatility fraction were assessed using Spearman correlation test. The association of portal flow pulsatility (as a categorical variable !50%) measured after CPB with major complications including severe AKI, surgical re-intervention, significant bleeding, and death was assessed using a logistic regression model. The analysis was performed with the complications taken as a global composite outcome and then repeated for each individual complication. The assessment performed immediately after CPB was used for this analysis in order to ensure the studied complications occurred after the portal Doppler assessment. In order to evaluate if the addition of portal flow assessment improved risk prediction of major complications compared with preoperative risk assessment using EuroSCORE II and perioperative evaluation of systolic RV function after CPB separation, a multivariable logistic regression model was constructed. The improvement in risk prediction for major complications conferred by the addition of portal flow assessment to the baseline model was evaluated by two methods. Firstly, the improvement in the area under the receiver operating characteristic curve (C-statistic) for the risk of major complications was tested using DeLong test. 22 Secondly, continuous net reclassification improvement was calculated. 23, 24 To do so, predicted risk for both the baseline model and the new model were estimated using generalised linear models and were compared using the PredictABEL 25 and the nricens 26 R packages (R Development Core Team, Vienna, Austria). Internal validation was performed using bootstrap samples (1000 samples) to produce 95% CIs. Reclassification plots were produced using the predicted probabilities of major complications in both models. 24, 27 To determine if an association between portal flow pulsatility, defined as a pulsatility fraction !50% based on the previous literature, 8,11,14e17 and the length of ICU and hospital stay was present, a KaplaneMeier survival analysis was performed and the difference between survival curve was tested using the log-rank test. Data are presented as medians and inter-quartile ranges (IQR) for non-normally distributed variables and as means and standard deviations (SD) for normally distributed variables. Dichotomous data were compared using c 2 tests or by
Fisher's exact test as appropriate. Continuous measurements were compared with the use of the t-test or the ManneWhitney U-test where appropriate. Effect sizes were calculated for ManneWhitney U-test as previously described. 28 A CI of 95% was used for all analysis. Supple- 
Results
Between November 2015 and April 2016, 115 patients were enrolled ( Supplementary Fig. S1 ). Table S1 ). Portal flow assessment was performed 575 times and was successful in 100% of patients before surgery, 94.0% and 95.7% in the operating room before and after CPB, respectively; and 98.2% and 99.1% 1 h after ICU admission and the day after admission, respectively, for an overall success rate of 97.0%. The inter-rater reliability of portal pulsatility fraction assessment by TTE was good (mean difference between repeated measurements, 5.6%; intra-class correlation coefficient, 0.824; P<0.001).
The distribution of portal pulsatility fraction in the perioperative period is presented in Figure 1 . The prevalence of high portal flow pulsatility increased to 15.7% in the operating room before CPB and 18.3% in the operating room before and after CPB. It then decreased to 7.8% 1 h after ICU admission and 13.2% on the day after admission. The associations between portal pulsatility fraction and haemodynamic variables at the time of assessment are presented in Table 2 . A positive association was found between portal pulsatility fraction (%) and the a wave, v wave, and the trough of the x descent of the right atrial pressure waveform, all the components of RV pressure waveform (systolic, proto-diastolic, tele-diastolic) and pulmonary artery pressure (including mean, systolic, and diastolic). A negative association was found with arterial blood pressure (diastolic and mean), perfusion pressure, and cardiac index. In a multivariable model, mean arterial pressure, right atrial pressure (v wave), and cardiac index remain associated with the portal pulsatility fraction (%). Additional information about the haemodynamic parameters at each time point is presented in Supplementary Table S2 .
The association between the portal pulsatility fraction (%) and other echocardiographic variables at the time of assessment are presented in Table 3 . During surgery, the portal pulsatility fraction (%) was associated with RV systolic dysfunction (b¼15.7; 95% CI, 4.7e26.6; P¼0.005) and RV diastolic dysfunction (b¼20.1; 95% CI, 11.9e28.3; P<0.001). The association was also noted with the tricuspid annular plane systolic excursion (b¼e8.5; 95% CI, e13.5 to e3.4; P¼0.001) and systolic to diastolic velocity ratio on the hepatic vein waveform (b¼e4.3; 95% CI, e7.2 to e1.4; P¼0.004) but not with left ventricular ejection fraction (b¼e0.14; 95% CI, e0.44 to 0.17; P¼0.38). Both the maximal inferior vena cava diameter and lower collapsibility during the respiratory cycle were associated with a higher portal pulsatility fraction (b¼13.4; 95% CI, 9.2e17.5; P>0.001 and b¼e0.35; 95% CI, e0.47 to e0.21; P>0.001, respectively).
A positive correlation was found between the intraoperative cumulative fluid balance and the change in the portal pulsatility fraction detected by TOE during surgery (r¼0.31, P¼0.001). Similarly, the fluid balance in the first 24 h after surgery was modestly correlated with the change in the portal pulsatility fraction during this period as measured by TTE (r¼0.26, P¼0.005). There was also an association between the portal pulsatility fraction measured immediately post-CPB and maximum lactate levels in the perioperative period (r¼0.20, P¼0.04).
After surgery, 14 patients (12.2%) had major bleeding episodes, 10 patients (8.7%) required surgical reintervention, 56 patients (48.7%) developed AKI, which progressed to severe AKI in 11 patients (9.6%), six (5.2%) of whom required dialysis. There was one perioperative death (0.9%). In total, major complications including severe AKI, surgical re-intervention, significant bleeding, and death occurred in 25 patients (21.7%). We found significant positive associations between high portal flow pulsatility (pulsatility fraction !50%) after CPB separation and the risks of significant bleeding [odds ratio (OR)¼8.40; 95% CI, 2.34e30.20; P¼0.001], surgical reintervention (OR¼21.75; 95% CI, 4.10e115.51; P<0.001) and overall postoperative complications (OR¼5.83; 95% CI, 2.04e16.68; P¼0.001). However, no significant association was found with AKI (OR¼1.10; 95% CI, 0.41e2.93; P¼0.94) or severe AKI (OR¼1.07; 95% CI, 0.21e5.43; P¼0.94). The association between portal flow pulsatility and postoperative complications remained significant after adjustment for EuroSCORE II and the presence of systolic RV dysfunction at the time of portal assessment (OR¼5.13; 95% CI, 1.58e16.7; P¼0.007) ( Table 4) .
Compared with a base model composed of EuroSCORE II and systolic RV dysfunction, the addition of portal flow assessment in the operating room after CPB separation did not result in a significant improvement of the C-statistic for the prediction of major complications as shown in Figure 2 (Cstatistic: 0.708 improved to 0.786, P¼0.11). However, the addition of portal flow assessment resulted in a significant improvement in the predicted risk of major complications (continuous net reclassification improvement of 0.659 (95% CI, Figure S2 . The median duration of mechanical ventilation was 5.0 h [inter-quartile range (IQR), 3.6e7.1 h], the median stay in the ICU was 46 h (IQR, 23e72 h) and the median hospital length of stay was 6 days (IQR, 4e8 days). Patients with portal flow pulsatility detected after CPB separation had a longer duration of mechanical ventilation, of ICU stay and of hospital stay ( Table 5 ). The same relationship was found when portal flow pulsatility was found in the ICU at day 0, day 1, or both (Supplementary Table S3 ).
Discussion
In this study, we found a significant association between high portal pulsatility fraction (!50%) and RV dysfunction during cardiac surgery. Elevated portal flow pulsatility was associated with haemodynamic indicators of venous hypertension and those of low systemic perfusion. We also demonstrated an association between portal pulsatility and postoperative complications. Moreover, the addition of this parameter as a binary variable >50% to standard risk score and after CPB RV assessment resulted in a net reclassification improvement of Portal flow pulsatility fraction (PF) in patients undergoing cardiac surgery (n¼115). Portal flow assessment were performed using transoesophageal echography (TOE) during surgery before and after cardiopulmonary bypass and by transthoracic echography (TTE) before surgery, at ICU admission and during postoperative day (POD) 1 after surgery. IQR, inter-quartile range. Table 2 Portal flow pulsatility fraction and haemodynamic parameters. Generalised estimating equations analysis was performed using a linear link function. The results are presented as beta (b) estimates of effects which can be interpreted as linear regression coefficients, indicating the change in portal pulsatility fraction (continuous variable) for each unit of increase in the parameter. CI, confidence interval; DAP, diastolic arterial pressure; PAP, pulmonary artery pressure; RAP, right atrial pressure; RVP, right ventricular pressure; SAP, systolic arterial pressure the risk of major complications. Despite the non-significant change in the C-statistic of the model, a net reclassification improvement signify that the addition of portal flow assessment improved overall risk prediction of major postoperative complications in the studied sample. 23, 24, 29 Intraoperative assessment of RV function is usually limited to the qualitative visual estimation of RV function, assessment of chamber size and systolic function using tricuspid annular plane systolic excursion and RV fractional area change measurements. 30 Other more complex echocardiographic measurements of systolic function (RV strain and 3D ejection fraction) and assessment of diastolic function are rarely done in clinical practice and are not included in the guidelines on basic perioperative TOE. 30 Consequently, although RV dilatation and systolic dysfunction may be detected by basic evaluation, significant alterations in diastolic function are often covert. Moreover, the impact of RV dysfunction on organ perfusion may be more adequately assessed by extracardiac ultrasonography than by standard echocardiography. Indeed, portal flow pulsatility was superior to conventional echocardiographic parameters of RV function (tricuspid annular plane systolic excursion, chamber size) at predicting liver function test abnormalities in patients with congestive heart failure. 9 Similarly, we observed that adding portal flow assessment to the evaluation of RV systolic dysfunction significantly improved estimation of the risk of major complications after cardiac surgery. Although the difference in the C-statistic was not significant, this statistical method of comparing prediction models is known to be underpowered. 29 We also demonstrate that portal Doppler assessment can be performed with an excellent success rate, both with TTE and TOE. This is very important as RV assessment is particularly challenging in the postoperative period when an adequate transthoracic window is often difficult to find. The prevalence of portal flow pulsatility was highly variable depending on the time point of assessment. The increase in portal flow pulsatility, when comparing the preoperative assessment with the first intraoperative assessment, may be related to the induction of general anaesthesia and the initiation of positive pressure ventilation. The latter may result in a decrease in central venous compliance resulting in an enhanced transmission of pressure variation to the portal circulation. The maximal prevalence of portal flow pulsatility was seen immediately after the procedure. Transient RV dysfunction may occur during this period because of ischaemia or to increase in pulmonary artery pressure. However, it may be rapidly reversible in a significant proportion of patient. This could explain the subsequent decrease in portal pulsatility prevalence at ICU admission. Finally, additional factors may explain the re-increase after 24 h. Fluid balance in the first 24 h was significantly correlated with portal pulsatility fraction (%). Additionally, patients with preexisting congestive heart failure may mobilise accumulated fluids after surgery, with a resulting increase in venous return that may overload the RV. Similar findings have been described for the left ventricle, with the maximal incidence of pulmonary oedema leading to reintubation occurring on postoperative day 2. 31 Elevated venous pressures could increase the risk of surgical site bleeding. 32 This would contribute to the strong association between portal flow pulsatility after CPB separation with bleeding and reintervention. Venous congestion may lead to injury of multiple structures including the digestive tract, 33,34 the heart, 35 soft tissues, 36 and the brain. 37e39 This may lead in its most extreme form to multiorgan failure. 5, 40 Renal congestion may contribute to the development of renal failure in patients with congestive heart failure. 41 Although we found a significant association between portal flow pulsatility on postoperative day 1 and severe AKI, the uncertainty surrounding the temporal relationship with the development of AKI and other caveats prohibit concluding that there is a causal relationship.
This was the first prospective study evaluating the portal venous flow pulsatility as a marker of the clinical impact of RV dysfunction in cardiac surgery. The strengths of the study include the repeated measure design and the assessment of haemodynamic parameters with the use of a pulmonary artery catheter in the majority of patients. In addition, the overall success rate for portal flow assessment was high (97%) with both TTE and TOE, with good inter-rater reliability also demonstrated. However, the study also had several limitations. It was performed in a specialised center with expert clinicians in heart diseases and echocardiography. Diastolic function of the RV was assessed using the hepatic vein waveform, which is not the preferred parameter in the most recent guidelines. 42 Although both TTE and TOE were used for portal pulsatility fraction measurements at different time points, simultaneous measurements were not performed to allow inter-modality comparisons. Additionally, the timing of postoperative complications was not recorded which precluded the use of timedependent analyses. Finally, portal flow variations might be influenced by other unmeasured factors such as body habitus. 43 In conclusion, we found a significant independent association between portal flow pulsatility and RV dysfunction in patients undergoing cardiac surgery. Portal flow pulsatility was independently associated with an increased risk of complications after cardiac surgery and improved risk prediction compared with baseline preoperative risk and echographic assessment of systolic RV function. Portal flow pulsatility offers the theoretical advantage of being a marker of the interplay between systemic perfusion and venous hypertension. 44 
Fig 2.
Receiver operating characteristic curve for the prediction of postoperative complications after cardiac surgery including severe acute kidney injury (AKI), surgical re-intervention, significant bleeding, and death. The baseline model is composed of preoperative risk evaluated by EuroSCORE II and assessment of systolic right ventricular function during surgery after cardiopulmonary separation (C-statistic, 0.708). The dotted line represents the updated model when portal flow assessment in added to the model (C-statistic, 0.786). The difference between C-statistic was not statistically significant (P¼0.11). Table 5 Duration of postoperative support and care after surgery in relationship to portal pulsatility fraction assessment in the operating room after cardiopulmonary bypass separation. PF, pulsatility fraction; IQR, inter-quartile range PF < 50% (n¼89) PF ≥ 50% (n¼21) P-value As such, portal Doppler may be a useful adjunct to central haemodynamic measurements to better evaluate the impact of RV dysfunction on organ perfusion.
